This study provides an integrated view of the growth patterns and factors that controlled the evolution of the Gulf of Cadiz continental margin based on studies of the tectonic, sedimentologic and oceanographic history of the area. Seven sedimentary regimes are identified, but there are more extensive descriptions of the late Cenozoic regimes because of the larger data base. The regimes of the Mesozoic passive margin include carbonate platforms, which become mixed calcareous-terrigenous deposits during the Late Cretaceous-early Tertiary. The Oligocene and Early Miocene terrigenous regimes developed, in contrast, over the active and transcurrent margins near the African-Iberian plate boundary. The top of the Gulf of Cadiz olistostrome, emplaced in the Late Miocene, is used as a key horizon to define the 'post-orogenic' depositional regimes. The Late Miocene progradational margin regime is characterized by a large terrigenous sediment supply to the margin and coincides with the closing of the Miocene Atlantic-Mediterranean gateways. The terrigenous drift depositional regime of the Early Pliocene resulted from the occurrence of high eustatic sea level and the characteristics of the Mediterranean outflow currents that developed after the opening of the Strait of Gibraltar. The Late Pliocene and Quaternary regimes are dominated by sequences of deposits related to cycles of high and low sea levels. Deposition of shelf-margin deltas and slope wedges correlate with regressive and low sea level regimes caused by eustasy and subsidence. During the highstand regimes of the Holocene, inner shelf prograding deltas and deep-water sediment drifts were developed under the influence of the Atlantic inflow and Mediterranean outflow currents, respectively. A modern human cultural regime began 2000 years ago with the Roman occupation of Iberia; human cultural effects on sedimentary regimes may have equalled natural factors such as climate change. Interplay of tectonic and oceanographic controls dominated the evolution of the Cadiz margin during the Cenozoic. Depositional sequences formed where the tectonic setting provided the accommodation space and the shape of the deposits has been greatly influenced by the strong unidirectional Atlantic inflow currents on the shelf and Mediterranean outflow currents on the slope. The entire cycle of the inflow and outflow deposition along the margin has been controlled first by the tectonic evolution of the Betic and Rif gateways, which become closed during the Late Miocene, and after the Messinian by the opening of the Strait of Gibraltar. Strong current development during eustatic sea level highstands of the Pliocene and Quaternary has controlled deposition because of maximum sill depths at Gibraltar for water circulation. Lowstand sea levels slowed circulation and resulted in mud drapes over the slope and regressive stratigraphic sequences over the shelf. More recently, the human industrial revolution has caused heavy metal contamination of sediment and water over the Cadiz margin. Human activity also has affected sedimentation rates because of deforestation that caused increased depositional rates near undammed rivers and decreased rates where rivers have been dammed. Future research efforts will need to focus on: (1) A. Maldonado, C.H. Nelson / Marine Geology 155 (1999) outflow caused by river damming plus global warming and the increased outflow as a potential trigger for new ice ages; (2) assessments of geologic hazards for planning man-made shoreline structures, developing offshore petroleum resources and maintaining undersea communications cables; and (3) confirmation of the general geologic history of the Cadiz margin.
Introduction
This study of the Gulf of Cadiz summarizes the depositional history of the Iberian continental margin. The main objective is to provide an integrated view of the growth patterns of deposits and factors that controlled the sedimentary evolution of the margin from its Mesozoic inception until the present day. The Cadiz margin developed near the boundary between the two major Eurasian and African plates under the control of complex tectonic processes ( Figs. 1 and 2 ). This margin was also located in an area largely influenced by the closing and opening of straits, that acted as major gateways between the Atlantic Ocean and the Mediterranean Sea.
The differences in resolution and scale of the several techniques employed in this study has provided insight about the multiple processes that contributed to the evolution of the Cadiz margin. The lateral variations of the present-day sedimentary system also have been analyzed to help in the interpretation of seismic sequences and to provide a good example for previous Cadiz sedimentary systems. Another aspect of the study has focused on understanding anthropogenic versus natural controls in the modern sedimentary system in order to provide a basic knowledge for the solution of environmental problems.
We assess the evolution of the Cadiz shelf to slope system, the factors that determine different stages of the sedimentary history, and the similarities and differences between this sedimentary system and others. We attempt to answer several basic questions about the evolution of the Cadiz margin. What types of margin are represented in the Gulf of Cadiz: passive, active, transcurrent or a combination of these Maldonado et al., 1999) . The olistostrome front is represented by a dashed-line with triangles. (B) Present depositional provinces of the Gulf of Cadiz margin sedimentary system (modified from Nelson et al., , 1999 Rodero et al., 1999). types? How does the depositional evolution in the Gulf of Cadiz relate to the development of the orogenic Gibraltar Arc and emplacement of a large olistostrome mass? During the late Cenozoic, the Gulf of Cadiz was affected by compression due to the northward motion of the African plate relative to Iberia. How was a deep subsiding margin developed within a generalized compressional regime? How did the Betic and Rif gateways between the Atlantic and the Mediterranean influence depositional processes in the Gulf of Cadiz? Is there any significant difference in the depositional styles before and after the opening of the Strait of Gibraltar? What is the relative importance between downslope gravity flows and contour parallel flows for the development of the depositional bodies of the margin? What are the basic characteristics that may help to recognize ancient analogs in the geological record? What are the present climatic and hydrographic influences on the Gulf of Cadiz deposition during the Holocene? How have they been influenced by human activity in this area such as damming of the major sediment sources from southern Iberia and active mining for several thousands years? What future problems should be investigated as result of our studies?
Tectonic evolution of the Cadiz margin
The Gulf of Cadiz straddles the boundary between the African and Iberian plates and is intersected in the eastern area by the orogenic Gibraltar Arc (Fig. 2) . This area occupies a key location for understanding the development of the central North Atlantic and the Alpine belts of southern Europe and D olistostrome front; D Alboran Domain thrust front. The southern Iberian gateways were located along the Betic, whereas the northern African gateways were located along the Rif. Explanation in the text (modified from Maldonado et al., 1999) . (B) Interpretative cross-section of a NNW-SSE profile along the Spanish continental margin of the Gulf of Cadiz showing the main tectonic elements. Legend: B-A unconformity, Barremian-Aptian unconformity. See (A) for location of profile (modified from Maldonado et al., 1999). northern Africa. The evolution of the margins was influenced by the successive phases in the opening of the North Atlantic, the closure of the Tethys ocean and the opening of the western Mediterranean basins (Wilson et al., 1989; Dewey et al., 1989; Srivastava et al., 1990a,b; Maldonado et al., 1999) .
The initial passive margins
The breakup of Pangea in the Triassic and the subsequent rifting formed the southern margins of Iberia and northern Africa (Heymann, 1989) . The initial stages in the evolution of these margins was characterized by a passive style linked to the development of the Tethys and Central North Atlantic oceans (Fig. 3) . Later, during the early Mesozoic, the Azores-Gibraltar Fracture Zone (AGFZ) constituted a major transcurrent boundary where the Central Atlantic Ridge ended and which caused extension into the Tethys area along deep oceanic basins (Srivastava et al., 1990a,b; Dewey et al., 1989) . The Late Jurassic and Early Cretaceous progressive rifting of the Central Atlantic resulted in a major sinistral translation between Africa and Laurasia plus spreading in the Dercourt et al., 1986; Sanz de Galdeano, 1990 Tethys (Ziegler, 1989) . Very active rifting in the Gulf of Cadiz occurred during Kimmeridgian to Tithonian times , and the Valangian through Barremian times (143-118 Ma), whereas the northern passive margin of Iberia was occupied by extensive carbonate platforms .
The widespread unconformity recorded in the Gulf of Cadiz before early Aptian times (anomaly M0, 118 Ma) indicates a compressional event (Fig. 2) . The southern margin of Iberia was probably affected during this time by a transpressional regime. The eastward jumping of the Tagus spreading axis to the present location in the North Atlantic before anomaly M0 (Mauffret et al., 1989) , may be related with the compressional event observed in the margins of Iberia. Active sea-floor spreading in the North Atlantic since anomaly M0 favored further spreading and transcurrent motions between Iberia and Africa. In the Gulf of Cadiz, half-graben structures were developed during this Late Jurassic and Early Cretaceous evolution, which were subsequently filled with carbonate slope facies and submarine fans (Fig. 3) .
From about late Albian (110 Ma) to Late Eocene (41 Ma) Iberia moved as part of the African plate (Srivastava et al., 1990a,b) . This intraplate evolution was characterized by the development of generally thin depositional sequences, that draped the structural highs and grabens of the basement. These deposits are characterized, however, by significant facies and thickness variations and many parts of the margin underwent extensive erosion. Episodes of volcanic intrusions were also recorded in southern Portugal as a result of extensional tectonics along ancient Hercynian faults .
The active margin of the Gulf of Cadiz
During Late Eocene to Early Miocene times (41-24 Ma) Iberia again became an independent plate (Roest and Srivastava, 1991) . The relative motion between the Iberian and African plates in the Gulf of Cadiz was small between anomalies 18-13, but since then a significant amount of shortening has occurred in the area. The tectonic evolution was characterized by an increase of the subsidence rate and graben development .
Lower Oligocene deposits in the Gulf of Cadiz are very reduced or absent, which reflects the compressional regime along the AGFZ (Fig. 2) . Uplifted blocks developed during this compression show extensive areas of erosion. Middle to Late Oligocene carbonate platforms onlapped the Cretaceous and early Tertiary highs, while a high-energy, carbonate platform linked the Central Atlantic and Mediterranean basins through the north African Rif and south Iberia Betic seaways. Thick turbidite deposits of the Gibraltar Arc flysch were also developed during this time interval in deep troughs between the Iberian and African margins and the forearc of the westward thrusting Alboran Domain (Balanyá, 1991; Maldonado et al., 1999) .
The foredeep evolution and present passive margins of the Gulf of Cadiz
The northward drift of Africa caused the progressive closure of the oceanic basins and the rapid westward migration of the Gibraltar Arc front toward the Gulf of Cadiz (Dewey et al., 1989; Jabaloy et al., 1992) . The existence of closely juxtaposed regions of compression and extension between Iberia and Africa is attributed to the westward progression of the Gibraltar Arc mountain front over subducting, thinned Tethys crust . The Gulf of Cadiz was part of the extensive area of deformation located along the transcurrent fault system between Africa and Iberia, whereas wrench zones within conjugate fault systems induced the development of subsiding, roughly WSW-ENE-oriented basins.
An autochthonous calcareous margin developed along southern Iberia and an allochthonous terrigenous margin was located around the reliefs of the Betic (Figs. 2 and 4 ). Between these two margins, deep basins and straits connected the Atlantic and Mediterranean basins forming the North Betic corridor (Sanz de Galdeano, 1990 Sanz de Galdeano and Vera, 1992) . In addition, the westward migration of the Gibraltar thrust front into the flysch trough during the Burdigalian led to the formation of an accretionary forearc that collided with the passive margins of southern Iberia and northern Africa. The progression of the mountain front continued into the Middle Miocene when the olistostrome of the Gulf of Cadiz was emplaced. Rapid increase of basement subsidence rates in the Gulf of Cadiz dur- Galdeano, 1990; Jabaloy et al., 1992; Maldonado et al., 1992) . ing the early Tortonian may have favored foredeep basin formation and emplacement of the olistostrome .
The generalized compressional regime during late Tortonian and Messinian times in the southern Iberian margin induced the uplifting of the region as a result of intraplate stresses (e.g., Cloeting et al., 1992) , and together with a global eustatic sealevel lowering (Haq et al., 1987) , resulted in the closure of the Betic and Rif straits . At the end of the Messinian and during the Early Pliocene, the stress field changed to a more roughly N-S-oriented direction (Philip, 1987) , and pull-apart basins were developed under a transtensional regime, which induced the re-opening of the connection between the Atlantic and the Mediterranean through the Strait of Gibraltar . The Gulf of Cadiz was affected by significant foredeep subsidence with the development of deep depositional NE-SW-trending basins .
The opening of the Strait of Gibraltar and a significant increase in the subsidence rate in the Gulf of Cadiz during the Early Pliocene caused a major change in the depositional patterns of the area. Deposition was controlled by diapiric activity, the extensional collapse of the margin and the location of tectonic depressions. Large roll-over extensional basins with strong marly diapirism occurred in the central Gulf of Cadiz. From Early to Late Pliocene times a rapid decrease in basement subsidence rates occurred and eustatic sea-level changes gained relative importance in controlling depositional patterns (Fig. 5) .
Depositional regimes of the Cadiz margin evolution
Seven sedimentary regimes are identified in the Gulf of Cadiz during the growth of the Iberian margin from the Mesozoic to the present. The late Cenozoic regimes are better described because they have been analyzed with higher resolution and a greater number of techniques that integrate several Gulf of Cadiz studies.
The Mesozoic carbonate platform and Late Cretaceous-early Tertiary mixed calcareous-terrigenous regimes of the passive margin are identified on the basis of the analysis of the multichannel seismic profiles and offshore boreholes from the oil industry in the Gulf of Cadiz (Dañobeitia et al., 1999; Maldonado et al., 1999) , together with outcrop studies of the External zone of the Betic Cordilleras (cf. García-Hernandez et al., 1980; Vera, 1988) . The Oligocene to Early Miocene terrigenous regimes in the active and transcurrent margins are also best recognized from the analysis of the deep structure and stratigraphy of the Gulf of Cadiz and the onshore geology. The top of the Gulf of Cadiz olistostrome, recognized on seismic profiles, can be used as a key horizon to define the 'post-orogenic' regimes. The Late Miocene progradational margin regime is characterized by large terrigenous sediment supply. During this regime, the closing of the Miocene AtlanticMediterranean gateways also occurred. Recognition of the Early Pliocene high sea-level stand and terrigenous drift depositional regime is based on the occurrence of high eustatic sea level during the Early Pliocene and the effect of the Mediterranean outflow currents over the Gulf of Cadiz slope after the opening of the Strait of Gibraltar .
Because the Late Pliocene and Quaternary are dominated by groups of deposits related to cycles of high and low sea levels (cf. Nelson and Maldonado, 1990 ), we separate them into regressive and lowstand, and highstand regimes. We outline a modern human cultural regime for the period that began 2000 years ago with the Roman occupation of Iberia, because man's influence has been equal or greater than the influence of natural contamination and climatic change factors (Nelson and Maldonado, 1990; Nelson and Lamothe, 1993; Van Geen et al., 1997; Nelson et al., 1999) .
The Mesozoic carbonate platform and Late Cretaceous and early Tertiary mixed calcareousterrigenous regimes of the passive margin
The Gulf of Cadiz contains the only preserved segment of the most proximal part of the Mesozoic southern Iberian passive margin (Fig. 3) . This margin shows, however, a more complex depositional evolution than other eastern North Atlantic passive margins. The numerous unconformities and hiatuses in the depositional sequences record several episodes in the breakup of the Gulf of Cadiz which may be related either to the Tethys (Triassic, Middle Jurassic) or North Atlantic (late Early Cretaceous) tectonics.
Boreholes from the Gulf of Cadiz penetrated Triassic 'red beds' composed of siliciclastic, evaporitic and shallow carbonate facies (ITGE, 1999; Maldon- ado et al., 1999) . A widespread carbonate platform occupied southern Iberia during the Early Jurassic in the Tethyan domain (Dercourt et al., 1986) . The carbonate platform broke into half-graben structures during the Middle Jurassic and a passive margin setting involving platform and basinal paleogeographic domains was developed along southern Iberia (Vera, 1988) . Carbonate platform deposits, slope facies and deep-sea turbidites begin to fill the half grabens of the passive margin (Fig. 3 ). Oxfordian to Barremian deposits of the margin may represent the syn-rift sequences, whereas Aptian to Cenomanian deposits correspond to the post-rift sequences developed during the initial stages of the North Atlantic spreading . From Late Cretaceous to Late Eocene times the deposits of the passive margin of southern Iberia show significant, temporal and areal thickness and facies variations. The halfgrabens of the margin were filled with slope, footwall fans and basin facies, while shallow water carbonates and extensive erosional surfaces developed on the morphological highs (Figs. 2 and 3).
In addition, it has been suggested by Flinch et al. (1996) that during the Mesozoic evolution, allochthonous Triassic evaporite sheets, similar to those identified in the Gulf of Mexico, were emplaced within younger sedimentary rocks in the distal slope and basin of the Iberian margin.
The Oligocene to Early Miocene terrigenous regimes in the active and transcurrent margins
The northward motion of the African plate relative to the Iberian plate and the westward migration of the Alboran Domain, which overthrusted the boundary between these two plates, created a complex paleogeographic setting and depositional regimes in the Gulf of Cadiz during the Oligocene to Early Miocene (Sanz de Galdeano, 1997; Maldonado et al., 1999) . The southern Iberian margin underwent several episodes of erosion and also the deposition of thick calcareous units. These platform deposits blanketed previous fault-bounded, half-graben structures (Fig. 2) . The deposits of the slope were, in contrast, thin or absent. To the south, the passive margin of northern Africa experienced an equivalent depositional regime. In the eastern area of the Gulf Galdeano, 1990; Maldonado et al., 1999. (B) Simplified palaeogeographic sketch of the Gulf of Cadiz and surrounding domains during the Late Miocene showing the distribution of depositional environments and the current patterns. The southern Iberian gateways were located along the Betic, whereas the northern African gateways were located along the Rif.
of Cadiz, in contrast, a deep trough with paleodepths of several thousand meters and floored by oceanic and thin continental crust received large terrigenous sediment supply to develop thick turbidite systems in the forearc of the Alboran Domain (Wildi, 1983; Dercourt et al., 1986; Balanyá, 1991) .
The main emplacement of an olistostrome took place just before and during development of the upper Tortonian deposits of the Gulf of Cadiz . The olistostrome in the central Gulf of Cadiz contains thick, plastic grey clays with an abundance of glauconite and pyrite, whereas the underlying deposits are composed mostly of ductile marly clays, which are probably responsible for the formation of the marly diapirs that occur in the central area of the Gulf of Cadiz (Maldonado et al., 1989) . The large advancing wedge in the margin setting was diverted by the bottom morphology, slope gradients and distribution of the previous deposits (Figs. 4 and 5) . The turbidite systems and the gravity emplaced olistostrome were later imbricated by radial thrusting around the Gibraltar Arc .
The Late Miocene progradational margin regime and the closing of the Miocene gateways
Most of the basic tectonic features controlling the present morphology of the Gulf of Cadiz were probably developed coeval with emplacement of the Gulf of Cadiz olistostrome, and are related to the foredeep subsidence of the margin following the collision of the Gibraltar Arc (Figs. 5 and 6). Thick depositional sequences developed the Iberian margin off major sediment sources, following a predominantly N-S trend (Fig. 3) . The depocenters show, however, a very irregular distribution due to the morphology of the underlying olistostrome and to syn-and postdepositional deformation by diapirism (Figs. 5A and 6). Major sediment inputs were derived from the major rivers, which developed extensive progradational shelf deposits, slope wedges and base-of-slope turbidite systems (Martínez del Olmo et al., 1984; Riaza and Martínez del Olmo, 1996) . Significant additional sediment sources were provided by subsidiary present-day depositional systems, as shown by the depocenter distribution on the margin (Fig. 5B) .
Messinian deposits filled most of the irregularities and depressions of the Iberian margin and draped the top of the olistostrome. Turbidite systems derived from the Guadalquivir River began to fill the Guadalquivir Basin and prograded southwestward into the Gulf of Cadiz (Figs. 1 and 6 ). Significant sediment supply also was derived from the emerged Gibraltar Arc, which contributed to rapidly fill the depressions in front of the arc. High accumulation rates of fine-grained sediment favored the development of the gas fields in these deposits of the Gulf of Cadiz (Riaza and Martínez del Olmo, 1996) .
During most of the Late Miocene, circulation through the Betic and Rifian gateways probably was controlled by the net evaporation of the Mediterranean Sea, which facilitated the influx of Atlantic Ocean waters and vertical circulation. However, episodes of estuarine type circulation may have occurred during several periods (Benson and Rakic-El-Bied, 1991; Sierro and Flores, 1992) . The gateway corridors most certainly became progressively restricted and closed completely during the Messinian, thus triggering the Mediterranean salinity crisis. Studies of Messinian deposits in southeastern Spain and the marine record in the western Mediterranean reveal a sequence of events including the successive closing and openings of the Betic and Rifian gateways, an intra-Messinian inundation and the flooding of the Mediterranean at the beginning of the Pliocene (Müller and Schrader, 1989; Campillo et al., 1992) . It is thought that expansion and retreat of the Antarctic ice sheets at that time and the consequent rises and falls in sea level influenced this evolution (Hodell et al., 1986; Haq et al., 1987) . In addition to this paleoclimatic influence, the Messinian deposits in the western Alboran Sea recorded compressional tectonics as shown by an angular unconformity that is expressed along the margins and structural highs . The roughly N-S-oriented stress field present throughout this time may have facilitated a relative lowering of sea level and the uplift of the Betic and Rifian Miocene basins, which in conjunction with a fall in eustatic sea level facilitated the closing of the Atlantic-Mediterranean gateways (Fig. 6) .
The opening of the Strait of Gibraltar, the Early Pliocene high sea-level stand, and terrigenous drift depositional regime
After formation of the youngest Messinian deposits in the Mediterranean Sea, about 5.1 Ma, the tectonic evolution led to a transtensional regime in the Gibraltar Arc and the development of small asymmetrical, shallow pull-apart basins, which resulted in the opening of a restricted connection in the Strait of Gibraltar . The opening of the Strait of Gibraltar and a significant increase in the subsidence rate of the Gulf of Cadiz during the Early Pliocene resulted in a major change of the depositional regime in the area. The Early Pliocene high sea-level stand caused ponding in the fluvial valleys and a sediment drape on the slope as in other sectors of the Spanish margin (cf. Nelson and Maldonado, 1990) . Deposition was controlled by diapiric activity and the extensional collapse of the margin (Figs. 5 and 7). Large extensional basins with active marl diapirism occurred in the central area of the Gulf of Cadiz . The facies distribution on the slope was influenced by the Mediterranean outflow current, which developed large drift deposits and erosional surfaces. Turbidite systems continued to form off major sediment sources. The acoustic facies and geometry of the drift deposits indicate an interplay between downslope flows from continental input modified by the northwestward flowing deep Mediterranean outflow currents . In addition, near the entrance to the Strait of Gibraltar extensive erosional surfaces were developed by strong Mediterranean outflow currents.
Late Pliocene and Pleistocene regressive and lowstand regimes
The central and western area of the Gulf of Cadiz forms part of the foredeep depression of the Guadalquivir Valley. It has been affected by active subsidence from the Miocene to the present, which also has favored the development of thick de- Fig. 7 . Generalized sedimentary facies, processes and facies architecture of the Pliocene high sea-level stand and contourite sediment drift deposition regime. Characteristics are summarized from Maldonado et al. (1999) and Nelson et al. ( , 1999 . Fig. 8 . Generalized sedimentary facies, processes and facies architecture of the Late Pliocene and Pleistocene regressive and low stand regime. Characteristics are summarized from Maldonado et al. (1999) , Nelson et al. ( , 1999 and Rodero et al. (1999) . positional prograding sequences Rodero et al., 1999) . The southeastern part of the area, in contrast, was affected by several tectonic events of compression and it acted as a morphologic and structural high during most of the Quaternary. Only thin depositional sequences were formed in this area, which locally have been eroded or are absent. In addition, active diapirism of the margin influenced margin growth patterns by controlling the accommodation space and morphology of the margin. The depocenters of the shelf were preferentially developed in local subsiding basins controlled by marl diapirism and tectonics (Fig. 5B) . Along the margin slope, linear NE-SW-trending diapiric ridges influenced down-slope Mediterranean outflow currents and the distribution of sediment drift deposits .
The Late Pliocene and Pleistocene global climatic changes caused significant fluctuation of eustatic sea level (Haq et al., 1987) . The effective cross section at the Strait of Gibraltar, which controls Atlantic and Mediterranean water-mass exchange, was greatly reduced during low sea level stands and the strength and volume of the Mediterranean outflow current experienced significant fluctuations. Late Pliocene sea-level low stands of as much as 50 m on the Spanish margin (Alonso et al., 1990 ) also permitted increased sediment supply to outer shelf and slope locations and favored development of shelf-margin and slope-wedge systems. These same controlling factors of lowered sea level and increased sediment supply at the shelf edge resulted in the extensive progradation of the Cadiz margin during the Pleistocene (Fig. 8) .
The largest proportion of the shelf and upper slope sequences was deposited during regressive and low stand cycles . The deposits in the Gulf of Cadiz show a characteristic gradation from tidal flat and coastal wedge deposits on the inner shelf, to channelized delta lobes in the middle to outer shelf, shelf margin deltas near the shelfbreak and upper slope, and slope-wedge deposits on the middle to lower slope. Thin tidal-flat sequences and bedform bodies are the most abundant deposits on the morphologic and structural high of the eastern shelf Rodero et al., 1999) . Slope deposits show a characteristic cyclic pattern of deposition due to changes in the sediment supply to the shelf edge and the Mediterranean outflow. Hemipelagites constitute the largest proportion of the upper slope-wedge deposits, but contourite sediment drift and bedform bodies, mass gravity deposits and turbidite channel-levee deposits are locally abundant. As lowstand shelf-edge deltas and slope-wedges prograded, morphologic changes of the margin due to tectonic processes, active diapirism and downslope sediment gravity flows controlled margin depositional patterns .
Most of the late Quaternary sequences of the Cadiz shelf are bounded by type 1 and type 2 unconformities . A significant proportion of the late Quaternary is not recorded in the deposits because of these depositional hiatuses. The shallower eustatic shorelines, corrected for subsidence, resulted in the development of regressive sequences between about 65 and 90 m water depth . This shows the low potential for the preservation of transgressive and highstand deposits, which, in addition, may be mainly restricted to the inner shelf and coastal flat areas.
Holocene highstand regime (<10,000 yr B.P.): example for Pliocene and Quaternary highstands
Our studies of the Holocene Cadiz continental margin deposits show that location of river sediment inputs, shoreline wave processes and geostrophic currents control highstand sedimentary regimes throughout the Late Pliocene and Quaternary. During the highstand regime of the Holocene (<10,000 yr B.P.), shelf prograding subaqueous deltas and deepwater sediment-drift bodies were developed under the influence of the Atlantic inflow and Mediterranean outflow circulation patterns O'Neil Baringer and Price, 1999; Lee and Baraza, 1999; López-Galindo et al., 1999; Rodero et al., 1999; Sierro et al., 1999) . The eustatic rise of sea level results in trapping of sediment in estuaries and the mid-shelf mud layer as can be verified by presence of mud contaminated with heavy metals introduced by industrial development during the last century ( Fig. 9 ; Nelson and Lamothe, 1993; Van Geen et al., 1997) . Widespread distribution of contaminated mud in the shelf mud layer and slope mud patches (Palanques et al., 1995) shows that river flood, storm wave processes, and the geostrophic currents of the Atlantic inflow and Mediterranean outflow water masses combine to transport and deposit Holocene mud across the margin.
Wave action developing a sandy shoreface and bedrock highs appear to prevent mud layer development shallower than 20 m with the exception of the Guadalquivir estuary area Rodero et al., 1999) . The Atlantic inflow currents prograde mud southeastward from river mouth sources, until the increasing strength of both inflow and outflow currents near the Strait of Gibraltar result in gradation to palimpsest sediment with bedforms to bedrock outcrops near the strait. The Mediterranean outflow shears along the upper sandy slope and, along with shelf edge currents, controls development on the outer edge of the shelf mud layer (Fig. 9) .
On the continental slope, the outflow also causes an east to west facies gradation from bedrock near the strait, to sandy bedform fields downstream and eventually sandy to muddy sediment drift deposits banked along transverse diapiric ridges (Fig. 9) . The ridges divert part of this along-slope contour current into an accelerating downslope flow (O'Neil Baringer and Price, 1999) that creates a sand to gravel lag on valley floors . The diverted downslope flow apparently causes slower contour currents downstream beyond canyon heads and the central slope diapiric ridge provence. A distal slope mud patch of Holocene sediment and recent contaminant accumulates as a result of slacking contour currents (Palanques et al., 1995; Nelson et al., 1999) .
In addition to the down-valley, bottom-current transport of Holocene sediment, material also is transported to lower slope depocenters by local sediment failure . The regions of slope failure occur where the static conditions of overpressured sediment resulting from underconsolidation and gas content permit cyclic wave loading or seismic shaking to destabilize the seabed and cause failure (Lee and Baraza, 1999) . Sediment failures create geologic hazards for any associated man-made structures on the seafloor and can trigger seismic seawaves that can cause coastal destruction. The strong Atlantic inflow and Mediterranean outflow currents near the Strait of Gibraltar also result in unstable seafloor because of erosion that may undercut the slope, cause failure and generate tsunamis from landslides. Migrating bedforms also result from these strong currents and can undermine man-made structures such as pipelines and telephone cables that may pass through them.
Human cultural regime (<5000 yr B.P.)
The influence of human culture has been present for several thousands years on the Iberian Peninsula. The human effects on sediment supply are well documented from our previous studies on the Ebro continental margin of eastern Iberia. Sediment supply first increased nearly 300% above normal Holocene supply because of deforestation (Nelson, 1990b) and then decreased to <5% because of dam construction on the Ebro River (Palanques et al., 1990) . However, there is limited documentation for these human induced changes on sediment supply of the Gulf of Cadiz margin. Radiocarbon ages , and limited 210 Pb activity data (Van Geen et al., 1997) do show that sediment accumulation rate has increased an average of about 82% in the Holocene mud layer off the Tinto estuary during the past 100 years. The increased sedimentation rates of the Tinto estuary system appear to document the effect of deforestation because there are no significant dams on the Tinto and Odiel rivers.
Although human effects on sediment supply are not well-documented for the Cadiz margin, these effects for the Mediterranean sediment supply and outflow water are well studied (Got et al., 1985; Stanley, 1988; Nelson, 1990a; Palanques et al., 1990) . The recent human cultural changes in the Mediterranean area may significantly increase the Mediterranean outflow volume to influence the sedimentary regime of the Cadiz margin. Most important, increased outflow may modify the global climate. Recent studies of climatic conditions and inferred oceanic circulation changes suggest that decreases in Milankovitch insolation can weaken African monsoons and decrease Nile River discharge (Johnson, 1997) . Reduced freshwater discharge increases Mediterranean salinity and consequently, Mediterranean outflow volume. Increased outflow in turn may have the potential to modify North Atlantic water circulation and to trigger growth of the Canadian ice-sheet. If this hypothesis is correct, then man has the po- Fig. 10 . Generalized sedimentary facies, processes and facies architecture of the human cultural regime. Characteristics are summarized from Nelson et al. ( , 1999 , Nelson and Lamothe (1993) and Van Geen et al. (1997). tential to cause new ice ages because damming of all major rivers during the past 50 years has reduced input of river water to the Mediterranean Sea to as little as 3% of normal Holocene amounts (Nelson, 1990a,b) .
Significantly reduced inflow, coupled with secondary effects of global warming that increase evaporation rates, further increase the generation of Mediterranean outflow water (Johnson, 1997) . The significantly reduced freshwater input to the Mediterranean already is a reality (Got et al., 1985; Stanley, 1988; Nelson, 1990a,b; Palanques et al., 1990 ) and evaporation also is increasing as the sea surface temperatures rise because of the CO 2 increase in the atmosphere resulting from the activities of humans (Johnson, 1997) . Although these facts are known, this hypothesis that increased Mediterranean outflow may trigger development of North American ice sheets (Johnson, 1997 ) is only one of many hypothesis concerning the complex problem of global climate change. At a minimum, the detailed link of past Mediterranean outflow history to climate change needs to be investigated to evaluate the potential effect of the continuing significant increase of Mediterranean outflow during the past few decades.
Studies also have documented contamination from human mining activities that affects both the Gulf of Cadiz margin and Mediterranean Sea environments. The small (3352 km 2 drainage basin) Tinto and Odiel River systems drain the area of the Rio Tinto mining district, one of the world largest sulphide deposits (Nelson and Lamothe, 1993) . Natural heavy-metal contamination from normal erosion and runoff from the massive sulphide deposits, however, was present prior to human mining disturbance. The Phoenicians named the Tinto River for its red wine color caused by sulphide oxidation contaminants. Human effect from mining in the Iberian Pyrite Belt began in the third millennium B.C. (Van Geen et al., 1997) . Mining reached significant proportions during times of the Roman Empire when 25 million tons of ore was mined. This accounted for 40% of worldwide Pb production at that time and caused a significant increase in Pb concentration of the Greenland ice sheet.
We have looked for this significant Roman hemispheric increase of heavy metal contamination in the sediment of the Gulf of Cadiz, but have not detected Roman or natural contamination in the older sediment (Van Geen et al., 1997) . We have found, however, major effects of heavy metal contamination from mining that began with the Industrial Revolution about 120 yr ago. During the past century, an order of magnitude more ore (230 million tons) has been mined compared to Roman times, and the content of Zn in the Holocene shelf mud layer has increased by an order of magnitude (30 to 300 ppm). These contamination effects have continued to the present as shown by river water contents of Cu, Zn and Cd that are 10 5 -10 6 times more than in uncontaminated surface ocean water (Van Geen et al., 1997) , and by river sediment values of Cu, Zn, As, Cd and Pb that are 30 to 50 times greater than nearby uncontaminated Spanish rivers (Nelson and Lamothe, 1993) . The metal-enriched plume of river water can be traced more than 300 km through the Strait of Gibraltar and into the Mediterranean Sea (Van Geen et al., 1997) . The metal enriched sediment dispersal from the Tinto estuary can be traced over 1,600 km 2 of the Cadiz continental shelf mud belt offshore (Palanques et al., 1995) . Although the maximum contamination of Cu and Pb in this mud belt area is about one fourth (158, 154 ppm, respectively) that measured in sewage sludge dumpsites off Barcelona (406, 410 ppm, respectively) or off New York city (590, 610 ppm, respectively), the areal extent is about 1000 times greater.
The estuary deposits, shelf suspended sediment, mid-shelf mud belt and continental slope mud blanket in the continental margin offshore from the Tinto River also show the effect of disposal of blacksand-processing plant wastes from the Tinto estuary. Within the estuary Cr, Zr, and Ni are 2-3 times greater than the background level in nearby sediment (Nelson and Lamothe, 1993) . At the estuary mouth on the inner shelf, Ti is 10 times above background level and in suspended sediment over the shelf, the contents of Cr, Co and Ni is as much as 2-10 times background (Palanques et al., 1995) . Both the sulphide mining contaminants of Cu=Pb and the black sand contaminants of Cr, Co and Ni reach levels several times above background in the slope mud patch that occurs northwest of the slope canyon heads (Fig. 10) .
Controls and growth of the Cadiz margin

Tectonic control
Tectonic evolution is the first-order factor that controls sedimentary history of the Gulf of Cadiz margin until the late Cenozoic (Figs. 3, 4 and 6) . The tectonic setting of the Gulf of Cadiz has controlled the margin styles, depositional environments, distribution of depocenters and growth patterns. As a result of the tectonic history, the margin has evolved from a passive style in the Mesozoic, to active and transcurrent margins during the early Cenozoic, to a forearc-type setting during the Early Miocene and, finally, to a passive margin with subsiding foredeep basins from the Late Miocene to present . The thick flysch deposits associated to the Gibraltar Arc were developed in tectonically active basins around the Alboran Domain (Wildi, 1983; Balanyá, 1991) . The emplacement of the large olistostrome in the Gulf of Cadiz, one of the most dominant features of this margin, also was a consequence of the tectonism (Flinch et al., 1996) . The latest motions of the Gibraltar Arc and diapirism are probably the main controls that influence late Cenozoic depositional patterns because of the active convergence between Africa and Iberia.
Tectonics have influenced not only the structural styles of the margin, but also the depositional environments through indirect control on paleoceanography . The setting of the Gulf of Cadiz in an original gateway first between the Atlantic Ocean and Tethys during the Mesozoic, and later between the Atlantic and Mediterranean Sea, has made this area particularly sensitive to paleoceanographic effects (Figs. 6 and 7) . During most of the Cenozoic, the tectonics of the Betic and Rif corridors controlled the Mediterranean gateways until the Messinian salinity crisis (Benson and Rakic-El-Bied, 1991) . The opening of the Strait of Gibraltar has controlled inflow and outflow currents as well as depositional patterns from the Pliocene to the present . Although current undercutting of slope deposits has caused local submarine landslides Nelson et al., 1999) , large sediment-failure events in the Gulf of Cadiz observed in Pliocene and Quaternary deposits Baraza et al., 1999) appear to be controlled mainly by seismicity.
Tectonic subsidence also has been an important control on Gulf of Cadiz growth patterns. Backstripping analysis shows that the periods of accelerated margin progradation coincide with active subsidence of the margin . Active subsidence creates new accommodation space and subsiding basins, which act as sediment traps for increased sediment supply due to rejuvenation of the drainage system. The location of depocenters on the margin coincides with areas where marly diapirism caused the development of subsiding areas in the shelf, while on the slope, the location of contourite sediment drift clearly correlates with the distribution of diapiric ridges Rodero et al., 1999) .
Oceanographic controls -eustatic sea level and currents
The exchange of seawater between the Mediterranean and the Atlantic is regulated by the complex bottom relief of the Strait of Gibraltar, which consists of a western shallow sill and deep basins in the eastern and central area. This morphology imposes an internal hydraulic control at various points, which modifies the pycnocline depth and the overmixing of Mediterranean and Atlantic waters. The evaporation in the Mediterranean, the geometry of the thresholds and the characteristics of the Atlantic waters are the main driving mechanisms that govern water exchange, which is probably one of the most significant factors that control the Gulf of Cadiz and Mediterranean Sea evolution at present (Thunell and Williams, 1989; Vergnaud-Grazzini et al., 1989) . In addition, it has been proposed that the deep Mediterranean outflow influences circulation in the Atlantic, including the formation of the North Atlantic deep water and, consequently, world climate as a whole (cf. Cita and McKenzie, 1986; Johnson, 1997) .
Climatic and oceanographic factors have not remained constant through time and hence, contrary to the present anti-estuarine regime in the Mediterranean, hypotheses of estuarine-type circulation and current reversals during several periods from the Miocene to the present day have been debated (Pujol and Saliege, 1989; Thunell and Williams, 1989; Vergnaud-Grazzini et al., 1989) . The closing of the marine corridors between Iberia and Africa at the end of the Miocene, which initiated the temporary desiccation of the Mediterranean, represents only one of these events, although its consequences were significant (Cita and McKenzie, 1986) .
Current regimes have influenced the development of sediment bodies along the Gulf of Cadiz more than on many other margins (Figs. 6-8) . The surficial Atlantic inflow currents control the southeastward progradation of deltaic lobes and development of bedform fields on the shelf, while distribution of bedform and sediment drift deposits on the slope is a result of the influence of the Mediterranean outflow currents (López-Galindo et al., 1999; Nelson et al., 1999; Rodero et al., 1999; Sierro et al., 1999) . Changes in sea level controlled the development of regressive and low-stand depositional sequences on the margin, whereas most transgressive events are recorded as unconformities on the shelf .
During the Late Pliocene and Quaternary, cycles of highstand and lowstand eustatic sea levels have mainly controlled the Cadiz margin depositional systems (Figs. 8 and 9 ). At times of high sea level such as the present Holocene high stand, the Strait of Gibraltar sill depth and Atlantic Ocean inflow as well as Mediterranean Sea outflow currents, have their maximum development . At these highstand times because of maximum speed of Atlantic inflow currents, the shelf prodelta deposits prograde southward, bedforms form on the southeast shelf, and abrasion occurs near the Strait of Gibraltar (López-Galindo et al., 1999; Rodero et al., 1999) . On the slope, westward gradations of bedform features and sediment drift deposits develop because Mediterranean outflow currents slack away from the Strait of Gibraltar . Development of multiple Holocene sand and mud layers together with variations in microfaunal assemblages in some locations of the Cadiz slope and Faro Drift off Portugal, suggest that climatic fluctuations within the Holocene have caused variations in Mediterranean outflow current speeds during the Holocene (Faugères et al., 1985; Nelson et al., 1999; Sierro et al., 1999) . During sealevel regressive and lowstand times, in contrast to highstand times, the Atlantic inflow currents slow or cease, and the eustatic shoreline moves progressively offshore to develop the shelf paralic deposits and shelf-margin deltas . The lowstand times of reduced Mediterranean outflow currents result in a mud layer drape over the continental slope .
Strong current flow in strait regions, whether it is from shelf currents like the Atlantic inflow or deepsea currents like the Mediterranean outflow develop similar gradational sets of seafloor features. In either the case of the inflow or the outflow currents over the Gulf of Cadiz, similar sets of current abrasion features develop on bedrock near the Strait of Gibraltar where the inflow and outflow currents are strongest . Downstream from the strongest currents, gradational sets of bedforms and sediment depositional bodies develop. Sand dune fields grade to megaripples and current-influenced depositional bodies bank against topographic obstructions. On the Cadiz shelf, prodelta lobes prograde asymmetrically with the currents and on the slope, sediment drift bodies develop asymmetrically with the contour currents.
Similar gradation of bedforms and elongate depositional bodies occur in other regions with strong unidirectional currents or constricted tidal or deepsea currents in strait regions. Near Bering Strait, there is a gradation from bedform fields south of the strait, to current abraded bedrock in the strait, to bedform fields north of the strait and, then, to a 150 km length leeside sand body as the unidirectional current continues to slack north of the strait (Nelson et al., 1982) . In the English channel gradational sets of bedforms develop both north and south of the English Channel related to tidal current constriction (Belderson et al., 1971; Stride, 1982) . A similar situation exists in the deep sea at the Strait of Messina where gradational sets of bedforms are found on either side of the strait (Colella, 1990) .
Sediment source control
Sediment supply, amount, type and location, is an important control for the growth patterns of continental margins (Nelson and Maldonado, 1990) . In the Gulf of Cadiz, however, the relative significance of sediment supply is subordinate to the tectonic and oceanographic controls. The gross patterns in the distribution of sediment bodies in the differing eastern, central and northwestern provinces of the Cadiz margin, have been controlled mainly by tectonics and ocean currents independent of sediment supply Rodero et al., 1999) . Sediment supply modifies depositional rates and the nature of agradational or progradational deposits, but sea level and tectonics are dominantly controlling the processes and distribution of depositional bodies on the shelf . The distribution of depocenters and type of deposits on the slope also are controlled by the location of the current patterns, diapirism and subsidence as on the shelf (Figs. 5  and 9 ). Large sediment drift bodies, bedform fields, turbidite channel-levee deposits and down slope sediment gravity flows are distributed in time and space as a function of the oceanographic and tectonics controls, and largely independent from sediment supply.
Although tectonic and oceanographic factors have been the predominant late Cenozoic controls on Cadiz continental margin evolution, sediment source factors have been important for facies distribution, thickness of sedimentary units, and locations of sediment contamination. The locations of the major Guadiana and Guadalquivir river sources have influenced distribution of the Holocene mid-shelf mud layer and its thickness. The amount of the Guadalquivir sediment supply has resulted in development of the mud layer across the shoreface sand facies and into the estuary . The large sediment supply of both the Guadalquivir and Guadiana sources also has helped control the location of maximum thickness of the Holocene highstand mud layer. During lowstand times, the location of large Guadalquivir sediment supply has influenced the depositional sites of late Cenozoic shelf-margin deltas .
The location of different sulphide mineralized zones, bedrock outcrops on the shelf and river sources have influenced sediment composition and contamination (Fig. 10) . Carbonate beach rock is localized around seafloor bedrock outcrops (López-Galindo et al., 1999; Nelson et al., 1999) . Various mineral suites also are found associated with different bedrock outcrops on the shelf. The distribution of heavy metal contamination in the mid-shelf mud layer and oceanic water masses is partially controlled by the Tinto River source location (Nelson and Lamothe, 1993; Palanques et al., 1995; Van Geen et al., 1997) .
Human cultural control and geological hazards control
Human mining activities for the last 2000 years have controlled contamination on the Cadiz margin and affected global air masses (Fig. 10) . The first geological record of this is found in the Greenland ice sheet as a result of Roman mining activities. The dominant control on the sediment contamination, however, is the order-of-magnitude increase in mining tonnage during the past 120 years of the industrial revolution, which resulted in an order-ofmagnitude increase in the heavy-metal content of the Holocene shelf sediment of the Gulf of Cadiz, as well as significant contamination of water in the Gulf of Cadiz and western Mediterranean Sea (Van Geen et al., 1997) .
Sedimentation rates appear to have been controlled in some Cadiz shelf regions as a result of deforestation caused by human activities ). An increase in rates resulting from apparent human activity can only be documented in the mid-shelf mud deposit associated with the Tinto River, which remains without significant dams. Off the Guadalquivir River, the lack of sedimentation rate increase can only be inferred to be the result of dams that trap sediment.
The dominance of human over natural controlling factors already has been shown for heavy metal contamination on the Cadiz margin and suggested for sediment supply. Most important of all human controls, however, are the recent cultural effects that cause an increase of Mediterranean outflow water into the Gulf of Cadiz. The huge reduction of freshwater discharges caused by damming of all major rivers flowing into the Mediterranean Sea, coupled with global warming, has the potential to initiate a new ice age and become the dominant control on the future of human history on earth.
In addition to man's potentially catastrophic influence on the global environment, the effect of geologic hazards on planned human activities in the Gulf of Cadiz is another controlling factor that needs to be assessed. Numerous sediment failures, severe tsunami damage and major loss of human life in the Lisbon earthquake show that submarine landslides caused by seismic events, sediment overloading, and current scour undercutting of the slope are significant controlling hazards on human activities Lee and Baraza, 1999) . Landslides and current abrasion also cause extensive communication cable failures and a need for human planning to consider these geologic hazards. The extensive regions in the Cadiz margins with current scour, active bedforms and gas-charged sediment are other hazards that affect the significant development of petroleum exploitation platforms and pipelines in the Cadiz area (Rodríguez-González and Corral del Campo, 1997).
Suggested future studies
Future research for the Gulf of Cadiz should address three main topics: (1) confirmation of the present hypotheses about the tectonics and depositional history of the margin; (2) evaluation of the environmental problems caused by the reduced sediment supply and increased contaminant input from the rivers, mining and other industrial sources; and (3) potential major effects of increased Mediterranean outflow that may trigger a new glacial epoch (cf. Johnson, 1997) .
ODP drilling studies are mandatory to confirm the main facies architecture, the subsidence history of the margin and the link between the Mediterranean outflow and glacial epochs. Within the Gulf of Cadiz contourite-drift deposits, it is necessary to examine detailed lithologic and microfaunal assemblages related to climatic variation and Mediterranean outflow fluctuations (Faugères et al., 1985; Sierro et al., 1999) . Lithologies of contourite drifts, turbidite facies and a variety of seismic systems tracts from the Cadiz margin, based on ODP drill holes, will need to be compared with the nearby and more typically developed facies architecture of the Alboran Sea in order to understand water exchanges between the Atlantic Ocean and the Mediterranean Sea and the closing or opening of the main gateways. The history of instability and controlling factors also should be outlined for the shelf-edge deposits. Another task of such drilling is the assessment of deep margin stability for petroleum drilling platform sites.
Future studies of modern sedimentary processes as well as contaminant geochemical and biological dispersal patterns and cycles will be of equal importance with those of subsurface drilling. Coastal erosion processes together with the entire dynamics and dispersal of pollutants needs to be understood to assess future environmental problems.
The following scientific questions need to be answered by future research: (1) What will be the long-term effects of the loss of sediment to the Gulf of Cadiz due to the dam construction along the rivers? (2) Will the lack of normal river sediment input reduce dilution effect for pollutants and gradually increase contamination in bottom sediment of the continental margin? (3) Are the majority of pollutants trapped behind dams or diluted from mixing with older sediments in the depocenters developing offshore? (4) Will continued accumulation of Tinto, Odiel and other advected contaminants affect the significant fisheries of this margin area?
Another series of questions can be asked about geologic hazards assessment and where to concentrate these studies. What has been the long-term recurrence interval of earthquakes? Where are these most likely to occur in the future and with the greatest severity? Where are the regions with severe coastal erosion problems and what is the relation between these hazards and man's activities? What offshore areas are likely to require site surveys for geologic hazards that may effect petroleum development activities? The two most significant questions to address: (1) Is there a link between the outflow strength and the triggering of glacial epochs? and (2) does the well-documented reduced inflow of Mediterranean rivers caused by damming have the potential to trigger this glacial change?
Obviously, many additional future environmental and geologic hazard assessment problems remain to be solved along with refinement of interpretations on the basic sedimentary history of the Gulf of Cadiz continental margin.
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